We present a detailed comparison of the CO (3-2) emitting molecular gas between a local sample of luminous infrared galaxies (U/LIRGs) and a high redshift sample that comprises submm selected galaxies (SMGs), quasars, and Lyman Break Galaxies (LBGs). The U/LIRG sample consists of our recent CO (3-2) survey using the Submillimeter Array while the CO (3-2) data for the high redshift population are obtained from the literature. We find that the L ′ CO(3−2) and L FIR relation is correlated over five orders of magnitude, which suggests that the molecular gas traced in CO (3-2) emission is a robust tracer of dusty star formation activity. The near unity slope of 0.93 ± 0.03 obtained from a fit to this relation suggests that the star formation efficiency is constant to within a factor of two across different types of galaxies residing in vastly different epochs. The CO (3-2) size measurements suggest that the molecular gas disks in local U/LIRGs (0.3 -3.1 kpc) are much more compact than the SMGs (3 -16 kpc), and that the size scales of SMGs are comparable to the nuclear separation (5 -40 kpc) of the widely separated nuclei of U/LIRGs in our sample. We argue from these results that the SMGs studied here are predominantly intermediate stage mergers, and that the wider line-widths arise from the violent merger of two massive gas-rich galaxies taking place deep in a massive halo potential.
INTRODUCTION
Ultra/Luminous Infrared Galaxies (U/LIRGs) are sources that emit large amounts of flux in the farinfrared (FIR) bands, with FIR luminosities in the range 10 11−12 L ⊙ (for LIRGs) or even larger (> 10 12 L ⊙ for ULIRGs) (see reviews by Sanders & Mirabel 1996; Lonsdale, Farrah & Smith 2006) . These galaxies were discovered by the Infrared Astronomical Satellite (IRAS) to be fairly rare in the local universe, but show significant increase as a function of redshift (Hacking, Houck & Condon 1987) . Followup optical studies of nearby U/LIRGs have revealed that the morphologies of a significant fraction of them resemble interacting/merging systems (Armus, Heckman & Miley 1987) , mostly powered by starbursts with increasing contribution from Active Galactic Nuclei (AGN) for IR-brighter galaxies (Kim, Veilleux, & Sanders 1998 ). These galaxies harbor large amounts of molecular gas (Sanders et al. 1986 ) that is often concentrated near the compact nuclear regions (Downes & Solomon 1998; Bryant & Scoville 1999) . These observational findings were analyzed in conjunction with numerical simulations that date back as far as the 1970's (Toomre & Toomre 1972) , further advanced with the inclusion of gas dynamics and star formation recipes in the 1990's (Barnes & Hernquist 1996; Mihos & Hernquist 1996) and with realistic feedback mechanisms implemented in the 2000's (Springel, Yoshida & White 2001; Springel, Di Matteo & Hernquist 2005; Cox et al. 2006) . As a result, it is widely believed that tidally triggered gas compression and subsequent starbursts (and/or AGN fueling) heat the surrounding dust, are reprocessed into far-infrared emission, and result in the intriguing U/LIRG phenomenon we observe in the local as well as the high redshift universe.
Since the late 1990's, with the advent of sensitive mm/submm bolometer cameras mounted on single dish telescopes, observations of the blank sky have revealed the ubiquitous presence of unresolved sources that appear to account for a substantial fraction of the total infrared background radiation (see Lagache, Puget, & Dole 2005 , for a review). By using the correlation between radio and FIR (Condon 1992) , interferometric radio observations toward these sources and subsequent followup optical spectroscopy have provided substantial evidence that the origin of this emission is dusty starforming galaxies that reside at z ≥ 2 (Chapman et al. 2004b) . The FIR luminosities and molecular gas properties in these submillimeter selected galaxies (SMGs) are generally an order of magnitude larger than the local U/LIRGs (Greve et al. 2005; Tacconi et al. 2006 Tacconi et al. , 2008 . While the FIR luminosities in local U/LIRGs appear to be powered primarily by starbursts and in some cases a central AGN (e.g. Genzel et al. 1998) , recent studies have suggested that the AGN contribution to the FIR luminosity is negligible in the high redshift SMGs (Pope et al. 2006 (Pope et al. , 2008 .
It has long been proposed that U/LIRGs and quasars are linked through dynamical evolution of the host systems, likely by a merger event (Sanders et al. 1988a; Hopkins et al. 2005) . The initial stages of the merger could be dominated by dusty starbursts (i.e. U/LIRGs and SMGs), until the central nuclear activity is stimulated by massive gas accretion. When the cold gas is consumed either by starbursts or accretion onto the central AGN, the quasar may become visible as intervening dusty high column density material along our line of sight clears away. This merger evolution scenario is partially supported by recent deep and high-resolution imaging of quasar host galaxies (Dunlop et al. 2003; Sanchez et al. 2004; Veilleux et al. 2006; Zakamska et al. 2006) , where morphological signatures of interactions/mergers and spheroidal systems are evident.
Since the important fuel of the activity, whether it be starbursts or AGN, is warm and dense gas, a large sample of molecular line data in IR bright galaxies and quasars at different epochs is needed. This data set allows us to test whether the evolutionary scenario is consistent with observations in the local universe, and then to test whether it holds true at high redshifts. Single dish and interferometric observations of the CO (1-0) emission in local U/LIRGs have been carried out previously, providing significant evidence that the amount of gas in these systems is massive, and highly concentrated in the nucleus (e.g. Downes & Solomon 1998) . Similar observations have been conducted in CO emission of the redshifted high-J transition lines from SMGs/quasars (see Solomon & vanden Bout 2005 , for a review), but these observations are difficult due to the requirement of a precise knowledge of the redshift and the lack of sensitivity at mm/submm bands, and therefore the sample is biased toward the brightest (or gravitationally lensed) sources.
The majority of the molecular gas detections in the bright SMGs/quasars thus far from z 2 sources are CO (3-2) (or higher J) line redshifted to the mm bands. However, directly comparing the properties of the CO (3-2) emission in the SMGs/quasars with the CO (1-0) emission in the local galaxies can be significantly biased by excitation effects 11 . Thus, to properly assess the characteristics of gas in U/LIRGs and high redshift SMGs/quasars, a thorough comparison of a single J transition emission line is needed. We have carried out a program at the Submillimeter Array (SMA) 12 (Ho, Moran & Lo 2004) to observe 14 U/LIRGs in the local universe in the CO (3-2) and CO (2-1) lines (Wilson et al. 2008, Paper I hereafter) . Because the critical density of CO (3-2) emission is relatively high, it is considered as an impor-11 Tex = 33 K and n crit = 3.6 × 10 4 cm −3 for CO (3-2) whereas Tex = 6 K and n crit = 2.2 × 10 3 cm −3 for CO 12 The Submillimeter Array is a joint project between the Smithsonian Astrophysical Observatory and the Academia Sinica Institute of Astronomy and Astrophysics, and is funded by the Smithsonian Institution and the Academia Sinica.
tant tracer of the physical condition of the star forming gas and the associated kinematics. This common belief, however, has not been fully tested observationally because of the lack of high resolution observations of nearby and distant sources. Recent high resolution studies of local U/LIRGs show, in some cases, that the distribution and the peak of the CO (3-2) emission could be different from the lower transition CO (e.g. Iono et al. 2004) .
In order to conduct an analysis that is not biased by excitation effects, we present a detailed comparison of the CO (3-2) emitting molecular gas between a local sample of U/LIRGs and a high redshift sample that comprises SMGs, quasars, and two Lyman Break Galaxies (LBGs) that have been recently detected in CO (3-2). We also include CO (3-2) data from a sample of local quiescent galaxies in some of the analyses. The U/LIRG sample consists of our recent CO (3-2) survey using the SMA (Paper I) while the CO (3-2) data for the high redshift and local quiescent galaxies are obtained from the literature.
In §2, we present the sample data and the formalism for deriving the relevant parameters. In §3, we investigate the correlation between CO (3-2) and FIR luminosities in a variety of sources, and offer possible interpretations of the derived slope and the scatter seen in the correlation. We compare the CO (3-2) source size in different sources and offer clues to the merger stage of SMGs and quasars in §4. We present our conclusions in §5. We adopt H 0 = 70 km s
.7 for all of the analysis throughout this paper.
SAMPLE DATA AND DERIVED QUANTITIES
Observational details and the properties of the local U/LIRG data are described in Paper I. The U/LIRG sample consists of 14 sources, of which six are interacting/merging galaxy pairs whose nuclei are resolved into multiple components ("pre-coalescence" mergers), and eight are mergers whose nuclei are unresolved even with space-based optical images ("post-coalescence" mergers). For the remainder of the paper, the local infrared bright galaxies with L FIR > 10 12 L ⊙ are referred to as ULIRGs, whereas galaxies with L FIR < 10 12 L ⊙ are referred to as LIRGs. The term U/LIRG is used when referring to the entire sample presented in Paper I, regardless of the FIR luminosity.
Interferometric CO (3-2) data toward SMGs were obtained from published results in Neri et al. (2003) , Sheth et al. (2004) , Greve et al. (2005) , Tacconi et al. (2006 Tacconi et al. ( , 2008 and Knudsen et al. (2008) . A few sources that were observed in Greve et al. (2005) were also observed by Tacconi et al. (2006) at higher angular resolution, and we adopt the latter for our analysis. In addition, CO (3-2) emission in MIPS-J1428 (Iono et al. 2006a ), a submm bright HyLIRG (Hyper Luminous InfraRed Galaxy; L FIR > 10 13 L ⊙ ) at z = 1.3, was also included in our SMG sample. The CO (3-2) data for the quasars were compiled from Hainline et al. (2004) , Walter et al. (2004) , Solomon & vanden Bout (2005) , and Coppin et al. (2008) . The two CO (3-2) detected LBGs, MS 1512-cB58 (cB58 hereafter) and J213512-010143 (a.k.a. the "cosmic eye", J213512 hereafter), were obtained from Baker et al. (2004) and Coppin et al. (2007) , respectively
The far infrared luminosities (L FIR ) are obtained from the IRAS Revised Bright Galaxy Sample (BGS) (Sanders et al. 2003) for all of the U/LIRGs. The L FIR of SMGs/quasars are derived by fitting a theoretical starburst spectral energy distribution (SED) (Efstathiou, Rowan-Robinson, & Siebenmorgen 2000) to the observed FIR to radio flux densities (Yun & Carilli 2002) . The same SEDs were used to compute the L FIR of the three local ULIRGs in our sample, and we found that they are consistent with the Sanders et al. (2003) values to within < 50%. The L FIR of the LBGs are obtained from Baker et al. (2004) and Coppin et al. (2007) . The sample sources along with various physical properties used in this study are presented in Table 1 .
We derive the following physical properties for the analysis of this paper. The derived physical properties of all of the sources are presented in Table 2 .
(1) The CO (3-2) luminosity, L
(1) where S CO(3−2) is the integrated CO(3-2) intensity in Jy km s −1 , ν obs is the observed frequency in GHz, D L is the luminosity distance in Mpc, and z is the redshift of the source (Solomon & vanden Bout 2005) .
(2) The full width at half maximum (FWHM) of the CO (3-2) line are estimated using the integrated spectra shown in Fig. 25 -29 of Paper I, and obtained from the published results for the SMGs, quasars, and LBGs.
(3) The source sizes of U/LIRGs are the deconvolved FWHM diameters derived by fitting a 2 dimensional Gaussian to the CO (3-2) integrated intensity maps. When the deconvolution failed in some of the sources (mainly due to low S/N), the major and minor FWHM axes obtained from the Gaussian fits in the image domain are given as upper limits to the source size. All of the U/LIRGs are resolved with the SMA beam, except for IRAS 17208-0014 whose deconvolution produces a point source. However, visual inspection of its integrated intensity map in Figure 2 of Paper I suggests that the CO (3-2) emission appears to have a bright compact component, as well as a resolved extended structure.
The published sizes are used for the 6 SMGs that are resolved by the interferometer.
Most of the quasars are unresolved except for SDSS J1148+5251, IRAS F10214+4724, and Cloverleaf. High angular resolution VLA observations (Walter et al. 2004 ) have successfully resolved the structure in the z = 6.4 quasar SDSS J1148+5251, whereas OVRO observations (Yun et al. 1997) in conjunction with a lensing model have inferred a source size of 0.
′′ 3 for the highly lensed z = 2.6 quasar Cloverleaf. For the remaining unresolved SMGs, quasars, and LBGs, the minor axis of the beam (FWHM) is used as an upper limit to the source size.
Because the physical resolution of the high redshift population is worse than the local LIRGs, some of the widely separated sources that are resolved with the SMA may not be resolved using 0.
′′ 8 resolution when they are placed at z = 2. We have tested this by convolving the CO (3-2) images of all of the widely separated pairs with 0.
′′ 8 (∼ 8 kpc at z = 2) resolution, and found that all the galaxies are clearly resolved into multiple components except for Arp 299, which is only marginally resolved.
(
, is derived by taking the ratio between FIR luminosity and CO (3-2) luminosity. The ratio between FIR luminosity and molecular gas mass (i.e. L FIR /M H2 ) is often used to infer the SFE of a galaxy, but we opted to use the luminosity ratio (L FIR /L ′ CO(3−2) ) in this study to avoid introducing additional ambiguities through variation and uncertainties pertaining to the conversion from L ′ CO(3−2) to M H2 . We caution that the CO (3-2) properties at low and high redshifts are generally lower limits for the following reasons. In synthesis imaging, incomplete uv coverage results in decreasing sensitivity to extended structure. While the SMA observations are sensitive to structure with size scales of 12 ′′ − 16 ′′ (7 -10 kpc on average for these galaxies), the missing flux calculated by comparing to single dish data is 2 -66% (Paper I). Thus the diffuse and extended CO (3-2) emission would be undetected in the SMA observations, and the values derived in this paper are lower limits to the physical quantities intrinsic to the source. On the other hand, observations of high redshift galaxies are limited in both sensitivity and angular resolution. The relatively coarse angular (physical) resolution of 0.
′′ 8 (∼ 6 kpc) allows us to analyze images that do not suffer significantly from the missing-flux problem. However, the high redshift population suffers from limited sensitivity (with mass sensitivity of ∼ 10 10 M ⊙ ), and any extended CO (3-2) emission could be buried in the noise. Therefore, the physical quantities derived here from CO (3-2) data for both the low and high redshift populations are likely lower limits.
THE CO (3-2) LUMINOSITY AND THE STAR FORMATION EFFICIENCY
The luminosity of the CO (3-2) emission line can be a direct measure of the amount of dense molecular gas fueling nuclear (or extended) star formation and/or the central AGN. The average CO (3-2) luminosities (L ′ CO(3−2) ) derived in U/LIRGs, SMGs, and quasars are (2.6±0.5)× 10 9 , (4.4±1.1)×10 10 and (5.0±1.0)×10 10 K km s −1 pc 2 , respectively. The L ′ CO(3−2) for the two LBGs are 4.4×10 8 and 2.9×10 9 K km s −1 pc 2 for cB58 and J213512, respectively. The average CO (3-2) luminosity in the U/LIRGs is more than an order of magnitude lower than in the SMGs and quasars, but comparable to the two LBGs. Under the assumption that the powering source of the large L FIR is mostly from starbursts (see §3.1), the comparison between L ′ CO(3−2) and L FIR relates the amount of available dense molecular gas to the amount of current massive star formation traced in FIR dust emission. This analysis assumes an environment where the gas is sufficiently dense and warm to thermally (or radiatively) populate the J=3 rotational energy level of carbon monoxide, and that the gas and dust are coupled spatially. We investigate the relation between L ′ CO(3−2) and L FIR in the following subsection. Figure 1 (lef t), we compare the CO (3-2) line luminosity with the FIR luminosity for all four sample populations. In addition, we have plotted the same luminosity relation for a sample of local galaxies published in Mauersberger et al. (1999) and Komugi et al. (2007) to increase the luminosity range. The L ′ CO(3−2) -L FIR relation including all four populations (and local galaxies) is correlated over five orders of magnitude in luminosity, which suggests that the molecular gas seen in CO (3-2) emission is a robust tracer of star formation activity. A least-squares fit of the form log L ′ CO(3−2) = α log L FIR +β gives α = (0.93 ± 0.03) and β = (−1.50 ± 0.33). Excluding the local galaxies or the quasars, which may have significant dust heating due to the central AGN, does not change the slope with significance. One potential concern here is that the large range in distance may artificially produce a correlation in log-log space. To check whether the correlation seen here is statistically robust, we employed the partial Kendall τ -coefficient with censored data (Akritas & Siebert 1996) where we used the luminosity distance as a test variable. This analysis yields a probability of 7.3 × 10 −5 that these two variables will produce a false correlation after the effect of distance is removed, providing solid statistical evidence of correlation in logarithmic space.
The near unity slope derived from the
relation suggests that the efficiency of converting CO (3-2) emitting molecular gas to massive stars (i.e. SFE) is, within a factor of two (i.e. from the standard deviation; see below), nearly uniform across different types of galaxies residing in vastly different epochs. To illustrate this better, we plot the SFEs against the FIR luminosities in Figure 1 (right). The average SFEs in the various galaxy samples range from a low of 170 for the SMGs and LBGs to 250 for the LIRGs to 430 for the quasars and a high of 580 for the ULIRGs. The combined average of the SMGs, quasars, LBGs and U/LIRGs is 375 ± 42 (standard deviation = 327) L ⊙ (K km s −1 pc 2 ) −1 . The average SFE of the SMGs is lower than the U/LIRGs by a factor of two, while a slightly higher average SFE seen in the quasars (and also the ULIRGs) is possibly attributable to higher dust temperature as a result of dust heating by the central AGN. Interestingly, the SFEs of the SMGs are more consistent with the widely separated LIRGs (and the LBGs and local galaxies) than the ULIRGs and quasars. We will return to this point in our discussion of the evolutionary status of the SMGs in §4.2. The SFE and L FIR properties of the LBGs are also generally similar to the LIRGs, but this sample is currently limited to only two galaxies.
In U/LIRGs, the exact fraction of the AGN/starburst contribution to the FIR luminosity appears to depend on the source (Armus et al. 2007 ). Half of the fourteen U/LIRGs in our local sample show evidence for an AGN, but only in the two ULIRGs Mrk231 and Mrk273 is it possible that the AGN makes a significant contribution to the bolometric luminosity (Paper I, and references therein). This variation suggests that the scatter in the SFEs of U/LIRGs not only reflects the physical characteristics of each galaxy, but also the AGN heating of L FIR in some sources. However, we mention the overall trend that the FIR output in local IRAS sources is dominated by starbursts and not AGN (Yun et al. 2001) , as is evident from the robustness of the empirical radio-FIR correlation. In addition, while there is evidence from Xray surveys that a good fraction of SMGs contain AGNs (∼ 80%; Alexander et al. 2005 ), the energetic contribution of the AGN to the FIR output in most of the SMGs appears to be minor (Pope et al. 2008; Valiante et al. 2007) . Indeed, there is even evidence that most of the far-infrared luminosity in quasars comes from a central starburst Wang et al. 2007; Coppin et al. 2008) , although there are exceptions .
In Paper I, it was found that the relation between M H2 (or L ′ CO(3−2) ) and L FIR was not correlated with any significance, leading to an argument that the degree of gas concentration determines the level of star formation activity rather than the overall amount of molecular gas mass available in the galaxy. Due to large scatter in the SFEs of LIRGs (see Figure 1 (right)), the correlation indeed breaks down if we only consider the U/LIRGs in the fit. The LIRGs that have particularly low SFEs ( 150) are NGC 6240, Arp 193, VV 114, NGC 5257/8, and NGC 5331. Optically thin CO (3-2) is suggested from previous analysis on NGC 6240 (Iono et al. 2007) , and therefore the CO (3-2) emission may be over-luminous with respect to other LIRGs with optically thick CO (3-2) emission. Although Arp 193 is apparently a late stage merger, VV 114, NGC 5257/8, and NGC 5331 show large nuclear separation suggestive of early stages of interaction. The SFEs of these galaxies are 93 -117 L ⊙ (K km s −1 pc 2 ) −1 , which is a factor of three lower than the average of the entire sample. The factor of two lower average SFE seen in LIRGs (which have a mix of compact and widely separated sources) compared to ULIRGs (which are mainly compact) may suggest that the global SFE is lower in early to intermediate stage pre-coalescence mergers than in the centers of more advanced stage mergers, likely because the gas in intermediate stage mergers has not settled in a steady state in the rapidly evolving host stellar potential.
Finally, we note that the average SFE in local U/LIRGs is a factor of seven larger than L FIR /L ′ CO(2−1) ∼ 50 found in two z ∼ 1.5 BzKcolor selected ULIRGs (Daddi et al. 2008) 
in the same galaxy owing to excitation effects, and future CO (3-2) observations of the same z ∼ 1.5 BzK selected ULIRGs are necessary to compare the true CO (3-2) properties of molecular gas in ULIRGs at this redshift. Tacconi et al. (2008) have obtained upper limits to the CO (3-2) emission in three optically selected star forming galaxies similar to the BzK sample; however, the average lower limit to their SFE (> 90, where we have estimated L FIR from their measured star formation rates using the relation in Kennicutt 1998) implies that the local U/LIRGs have at most a factor of three times larger SFE. Upper limits to the CO (3-2) emission in 5 SMGs and 3 quasars (Greve et al. 2005; Coppin et al. 2008) give lower limits to their SFEs of > 160 to > 1000. While most of these limits lie above the average SFE shown in Figure 1 (right), significantly more sensitive CO (3-2) observations of these sources would be needed to show conclusively that they deviate significantly in their properties from the detected SMGs and quasars.
CO relation is significantly steeper than a previous compilation which includes different excitation lines from local to high redshift sources (i.e. α CO = 0.62 ± 0.08; Greve et al. 2005) . This is expected because the molecular ISM in most of the SMGs is subthermally excited in CO transitions higher than J = 4-3 (Weiss et al. 2007b) , and their sample of local U/LIRGs mainly consists of observations of J = 1-0. A study that investigates only the CO (3-2) line in local galaxies with FIR luminosities in the range 10 9 -10 12 L ⊙ was conducted by Yao et al. (2003) , where they find α CO(3−2) = 0.70±0.04. A more recent study (Narayanan et al. 2005 ) that relates the CO (3-2) to IR luminosity in a similar luminosity range suggests a near linear correlation (α CO(3−2) = 1.08 ± 0.07). While there is variation in the slope among different studies, the slope between the CO (1-0) line and the FIR luminosity is even flatter (α CO(1−0) = 0.58 ± 0.07; Yao et al. 2003) than that derived using the CO (3-2) emission alone. The relatively flat CO (1-0) slope suggests that the CO (1-0) derived SFE increases with increasing FIR luminosity (i.e.; Sanders et al. 1988a) , and the molecular gas traced in CO (1-0) emission is not a linear tracer of star formation activity.
It has been demonstrated that the HCN emission, which is a higher density gas tracer than the commonly used CO (1-0) emission, produces a linear correlation with FIR luminosity (α HCN(1−0) = 1.00 ± 0.05; Gao & Solomon 2004) . Similar recent studies (Gao et al. 2007; Riechers et al. 2007; Gracia-Carpio et al. 2008 ) that include HCN observations from high redshift galaxies have shown, however, that L FIR /L ′ HCN in the most distant galaxies is larger than the local sample by at least a factor of two, and the resultant fit between L ′ HCN(1−0) and L FIR becomes flatter (α HCN(1−0) = 0.81 ± 0.06; GraciaCarpio et al. 2008 ) when high redshift galaxies are included. These new HCN results suggest that the dense gas fraction in bright high redshift galaxies is even higher than in the local IR bright galaxies.
In Figure 2 , we show the different slopes (α mol ) plotted against the critical densities of the CO (1-0), CO (3-2) and HCN (1-0) transitions. We calculate the critical densities from A ul γ −1 ul where A ul is the Einstein A coefficient for the upper (u) to the lower (l) energy state and γ ul is the corresponding collision rate obtained from the compilation of Schoier et al. (2005) . A general trend that α mol approaches unity for higher critical density tracers is evident from Figure 2 .
The slope derived from CO (1-0) emission, α CO(1−0) , could be ∼ 2/3 if a fixed fraction of gas converts to stars each free-fall time (Kennicutt 1998) . From simple theoretical considerations, Krumholz & Thompson (2007) argue that, because the critical density of the CO (1-0) line is lower than the higher density tracers such as HCN, the CO (1-0) line traces the molecular gas that has densities close to the median density of a galaxy. On the other hand, molecules with high critical densities (such as the HCN (1-0) to the mean density becomes more significant at higher (10 3−4 cm −3 ) mean densities, suggesting that the slope can be flatter at the highest luminosity regime.
We plot the two theoretical predictions for α CO(1−0) (dotted line) and α HCN(1−0) (short dashed line) in Figure 2 as horizontal lines. The observations for these two emission lines are consistent with the theoretical predictions, and the new measurement by Gracia-Carpio et al. (2008) is also consistent with the prediction by Krumholz & Thompson (2007) that α HCN is less than unity when galaxies with higher mean densities (represented by high redshift sources) are included in the fit. Our CO (3-2) measurements, as well as those measured by others, fall between the CO (1-0) and HCN (1-0) derived slopes, but the work by Krumholz & Thompson (2007) was limited to an isothermal case, and therefore could not investigate higher transition lines that are excited at higher temperatures such as the CO (3-2) line.
Molecular Excitation and Large Velocity Gradient
Modeling A theoretical investigation was performed by Narayanan et al. (2007b) to understand the dynamically evolving ISM of isolated and interacting galaxies. From their N-body/SPH simulations that include radiative transfer, they find that the total CO (3-2) luminosity has a mix of contribution from the dense cores (sites of star formation) and the more extended molecular gas that is subthermally excited. They argue that CO (3-2) and FIR luminosities are linearly correlated under the assumption that the gas density and SFR density are related by a Schmidt law (Schmidt 1959 ) index of 1.5. Further, a notable scatter is seen in the low luminosity end of their CO (3-2) -FIR luminosity relation, which is caused by line trapping of the CO (3-2) line by molecular gas surrounding the dense star forming cores and suggests that subthermally excited CO (3-2) gas can provide a substantial contribution to the overall L ′ CO(3−2) . In order to investigate the CO (3-2) excitation at different spatial scales, we derived the total (R total ) and peak (R peak ) CO (3-2) to CO (1-0) ratios in U/LIRGs using the CO (1-0) data available in the literature. The results are presented in Table 3 . The average R total is 0.48, ranging from 0.20 (Arp 55) to 1.25 (Arp 299W), whereas the average R peak is 0.96, ranging from 0.36 (NGC 5257) to 3.21 (NGC 6240). On average, R peak is two times higher than R total . The two ratios are comparable for some of the compact sources such as IRAS 17208-0014, UGC 5101, Arp 299W, or NGC 5331N, but much larger in NGC 6240 (a factor of four larger). The lowest R peak is derived in the brightest ULIRG in our sample, IRAS 17208-0014. The general inference of these results is that the CO (3-2) transition is nearly thermalized (in the optically thick limit) in the inner 1 -3 kpc of the U/LIRGs, whereas the CO (3-2) transition is subthermally populated in the extended outskirts. This result is consistent with the theoretical prediction by Narayanan et al. (2007b) , possibly suggesting that the scatter seen in the U/LIRGs in Figure 1 reflects the excitation characteristics of each galaxy. Finally, we note that the total CO (3-2) emission in SMGs/quasars is nearly thermalized (Weiss et al. 2007b) , and this could be the reason for the tighter correlation seen in the SMGs in Figure 1 .
In order to obtain a better physical understanding of the observed variation in α mol as well as the observed scatter in the SFEs, we constructed a series of Large Velocity Gradient (LVG) models (Goldreich & Kwan 1976) using the publicly available RADEX code (van der Tak et al. 2007) . Figure 3 shows the expected flux as a function of H 2 density (see figure caption for the adopted input parameters). Three key arguments can be made from this figure. First, the rise in flux is nearly linear up to ∼ 10 4 cm −3 for CO (3-2) and up to ∼ 10 5 cm −3 for HCN (1-0), suggesting that these molecular transitions are good tracers of the density of the molecular medium up to these characteristic densities. The predicted flux beyond these characteristic values reaches an asymptotic value as the relevant lines become thermalized (i.e. T ex ∼ T kinetic ), thus predicting the gas densities from these lines alone becomes difficult in this regime. Second, the predicted flux of CO (3-2) and CO (1-0) lines cross at ∼ 10 4 cm −3 (i.e. flux ratio of unity), and the line ratio is less than unity for densities below this critical value. Lastly, the temperature dependence of CO (3-2) is significant compared to the CO (1-0) line because the excitation temperature is higher in CO (3-2). At low densities (n H2 ∼ 10 2 cm −3 ), the observed CO (3-2) flux can vary by two orders of magnitude if the temperature of the ISM varies from galaxy to galaxy. Thus, at densities less than the critical density of the transition, collisional and radiative excitation both play key roles in populating the energy levels.
Under the assumptions adopted for the LVG model used here, the observed variation in α mol can be explained in the following way. The low α CO(1−0) likely reflects the nature of CO (1-0) emission as a low density tracer, and thus the higher density gas in U/LIRGs do not further increase the observed CO (1-0) flux, leading to the flattening of α CO(1−0) . The CO (3-2) emission is likely a tracer of higher density gas, but its flux is also sensitive to temperature, most notably in the low density end. Therefore, the relatively large scatter in the U/LIRGs and local galaxies in Figure 1 (lef t) could be explained by intrinsic variation in the average gas kinetic temperature and density, reflecting the physical characteristics of each galaxy. The results from LVG modeling are qualitatively consistent with the theoretical predictions by Krumholz & Thompson (2007) and Narayanan et al. (2007b) .
Finally, we note that because the excitation of the CO (3-2) line could be sensitive to temperature, less temperature dependent higher density gas tracers such as HCN (1-0) or HCO + (Krumholz & Thompson 2007; Gracia-Carpio et al. 2008 , but see Papadopoulos (2007) for a counter argument for the use of HCO + ) could be the better tracer of star formation in quiescent galaxies, although the gas must be dense (n H2 ∼ 10 5−6 cm −3 ) enough to excite the HCN emission. These lines are also much weaker than CO lines and therefore harder to observe (see e.g. Figure 3 ). While HCN emission is often used a tracer of dense gas feeding star formation activity, HCN emission from X-ray irradiated circumnuclear tori may become significant and therefore the HCN emission may be more pronounced towards AGN than starbursts in some cases (Kohno et al. 2001 ).
THE EVOLUTIONARY STATUS OF SUBMILLIMETER GALAXIES
4.1. CO (3-2) Source Size In §3, we have shown evidence that the overall CO (3-2) luminosity is well correlated with the total dusty star formation traced in FIR luminosities. In this section, we extend this argument and assume that the large scale spatial distribution of CO (3-2) emission is also correlated with the extent of current star formation. To this end, we have plotted the CO (3-2) emitting diameter (in kpc) against the FIR luminosities in Figure 4 . For the U/LIRGs, a trend is seen where the CO (3-2) size decreases as a function of FIR luminosity. The CO (3-2) size, however, can vary by an order of magnitude (0.3-3.1 kpc) for the LIRG population alone. In contrast, the ULIRGs are predominantly compact (0.4-1 kpc), and the large FIR luminosity seen in ULIRGs is likely related to this high central concentration of high density gas.
This trend immediately breaks down in SMGs where the derived CO (3-2) sizes (3-16 kpc) are roughly an order of magnitude larger than the ULIRGs. The average CO size for the SMGs (8 ± 2 kpc) is only a factor of two smaller than the average nuclear separation (15 ± 6 kpc)of the pre-coalescence LIRGs (e.g. VV 114, Arp 299; see also Figure 4 ). The three resolved quasars have source sizes (2-4 kpc) that are systematically smaller than the SMGs, but the sample size is too small for this trend to be conclusive. We caution that, although the SMGs/quasars are observed with the highest angular resolution achievable with existing interferometers, these sources are only marginally resolved, and the resultant source sizes should be treated as a conservative upper limit to any internal structure present in these galaxies. The upper limits for the unresolved SMGs and quasars (see Figure 4 (right)) do not place very useful limits on their intrinsic sizes, but are generally consistent with the conclusions drawn from the resolved sources.
These sizes show that the star forming regions in local ULIRGs are much more compact than those in SMGs. This result is an interesting contrast to the analysis by Bouché et al. (2007) where they find that the millimeter or CO size of the SMGs themselves are much more compact than the optical size of the UV or optically selected population at z ∼ 2. The widely extended (as opposed to nuclear) star formation in SMGs was suggested previously using high resolution radio observations of spectroscopically identified SMGs by Chapman et al. (2004a) who find 70% of sources with size scale of 7±1 kpc. More recently, Biggs & Ivison (2007) combined the radio emission data of SMGs obtained using MultiElement Radio Linked Interferometer Network (MER-LIN) and VLA in the u-v plane, and found an average SMG source size of 5 kpc, which is in agreement with the results of Chapman et al. (2004a) and also the CO size measurements by Tacconi et al. (2006) . Two-arcsecond resolution SMA 890 µm measurements (Iono et al. 2006b; Younger et al. 2007 Younger et al. , 2008 of bright SMGs suggest source sizes of < 8 kpc, and new higher angular resolution SMA measurements suggest a smaller source size of ∼ 5 kpc (Younger et al. 2008) . Thus, radio, CO, and submm observations all suggest that the size scale of the brightest SMGs are of order ∼ 5 kpc, and this is a factor of 2 -10 times larger than the CO (3-2) derived source sizes in U/LIRGs. The average size of the SMGs in our CO (3-2) selected sample (8 ± 2 kpc) is consistent with these numbers.
Merger Scenarios for SMGs and quasars
In Figure 5 , we plot the CO (3-2) diameters as a function of the CO (3-2) FWHM. Roughly two thirds (18/26) of the source sizes for SMG/quasars are only upper limits constrained from the observations. It is evident from Figure 5 that even though the size scales of SMGs are comparable to the nuclear separation of the widely separated LIRGs (i.e. + sign in Figure 5 ), the FWHMs are on average 50% larger (and a factor of two larger than those of the ULIRGs).
The fact that both the average CO (3-2) sizes and the SFEs are similar for the SMGs and the local LIRGs suggests that they may be in a similar evolutionary state, e.g., that many of the SMGs are in fact early or intermediate rather than late stage mergers. Both the local ULIRGs (which are known to be advanced mergers) and the quasars are more compact (significantly so for the ULIRGs) and have SFEs that are a factor of three larger than those of the SMGs. In their analysis of several SMGs observed with the best angular resolution, Tacconi et al. (2008) also conclude that SMGs are major mergers in various evolutionary stages. They discuss three specific SMGs (two of which, SMM J163650+4057 and SMM J123707+6214, are included in our analysis) that each show two components separated by 8-25 kpc, which is more characteristic of earlier stage mergers of which local examples are Arp 299 and VV 114. Given that most SMGs are not observed at quite such high resolution, it remains possible that many SMGs could contain relatively compact CO reservoirs in two individual merging components, but not be sufficiently separated to be resolved with the existing data. However, this possibility would still be consistent with our interpretation of the SMGs as predominantly earlier stage mergers, as the resulting projected nuclear separation of SMGs would likely be as large as the widely separated LIRGs in our local sample.
In mergers of two comparable mass galaxies, the FWHM derived from the total CO (3-2) spectrum contains information pertaining to both galaxy rotation and encounter velocity. In principle, the encounter velocity of two comparable mass field galaxies in parabolic orbit is ∆V ∼ √ 2 V c where ∆V and V c are the encounter velocity and circular velocity, respectively. For local systems, ∆V amounts to ∼ 300 km s −1 at maximum. In reality, the observed ∆V is significantly smaller than this value, owing to, for example, projection and degeneracy in the merger phase, such as those seen in NGC 5331 (∆V = 60 km s −1 ) or NGC 5257/8 (∆V = 11 km s −1 ). At first glance, the broad CO (3-2) linewidths of SMGs (i.e. 600 km s −1 ) argue against widely separated mergers. However, a simple analysis that assumes two equal mass field galaxies is likely inapplicable here because the brightest submillimeter sources are evidently embedded deep in the proto-cluster potential (Stevens et al. 2003; Greve et al. 2005 ). Thus, the encounter velocity of these galaxies could be significantly larger than those of local field galaxies. For comparison, a similarly large velocity dispersion is observed in the galaxy members of the Virgo Cluster (Rubin, Waterman & Kenney 1999) . The CO linewidth can trace the underlying stellar as well as the non-baryonic halo potential , and the suggested average stellar mass of SMGs (2.5 × 10 11 M ⊙ ; Borys et al. 2005 ) is significantly more massive than a typical field galaxy in the local universe (i.e. the Milky Way). Therefore, we suggest that the larger CO (3-2) FWHMs seen in SMGs are likely due to a combination of an underlying more massive dark matter potential and intrinsically more massive and gas-rich merger progenitors.
Analysis of numerical simulations (Greve & SommerLarsen 2008; Narayanan et al. 2006 Narayanan et al. , 2007a Narayanan et al. , 2008 have found that the CO profile can display a variety of shapes owing to strong central outflows which could appear as secondary emission peaks in the CO spectra. These simulations further predict that the spectral characteristics have strong dependences on the sightline (i.e. the inclination of the source), as well as the mass of the underlying potential especially toward the latter stage of the evolution when the gas has settled in a disk (i.e. quasar phase). In addition, the simulated CO profile evolves as a function of merger age, where kinematic asymmetries are seen primarily in the pre-coalescence phase when the two galaxies have not yet merged. In contrast, the spectrum becomes closer to Gaussian as the molecular gas becomes virialized and a quiescent molecular disk is formed.
While some of their adopted assumptions may not be best suited for analyzing the observational data presented in this study, these simulation results provide important physical insight. The narrower CO (3-2) linewidths, and the dominance of Gaussian shapes in the quasar line profiles are consistent with the characteristics of a post-coalescence galaxy seen in simulations. In our limited sample of only three quasars, the size scale of quasars with robust size estimates are intermediate between the nuclear separation of pre-coalescence LIRGs and the very compact ULIRGs (see Figure 5 ). Given the factor of 10 larger average L FIR in quasars compared to the local ULIRGs, we might naively expect the starburst region to be larger in the quasars, which could explain the size difference to within a factor of two. Alternatively, the quasar activity can begin in one of the progenitor galaxies earlier in the merger evolution than that predicted in simulations, and the abundance of CO (3-2) emitting molecular gas suggests intense concurrent starburst activity. It is also possible that CO (3-2) emission entrained in powerful AGN jets can lead to an apparent increase in the CO (3-2) size of quasars (Narayanan et al. 2006) . Further, the observed narrower CO linewidths of quasars may simply be due to an intrinsically less massive quasar disk (Greve et al. 2005) or due to geometrical effects (Carilli & Wang 2006; Wu 2007 ) with quasars preferentially discovered in more face-on galaxies. It is, however, impossible to obtain a robust conclusion from our current compilation of data which is limited in sample size, sensitivity, and angular resolution.
Results from numerical simulations that include negative feedback from starbursts as well as the central AGN (Hopkins et al. 2005) suggest that SMGs and quasars are not in the same evolutionary stage, but linked through dynamical evolution where the quasar activity becomes visible during the final stages of the coalescence. We have provided evidence in this paper that the CO (3-2) properties of many of the SMGs are consistent with the widely separated LIRGs in the local universe. A possible scenario suggested from these results is that SMGs are widely separated gas-rich mergers taking place near the centers of massive halos. Global disk-wide starburst activity in gas-rich high redshift mergers is also predicted theoretically by Mihos (2001) . On the other hand, some of the CO (3-2) derived properties in quasars, such as size and SFE, are more consistent with ULIRGs than with LIRGs or SMGs. Overall, the data summarized here are broadly consistent with this evolution scenario.
Finally, we note that there is a selection effect in play. There are interacting/merging galaxies in the local universe that are not U/LIRGs; thus, the triggering of the U/LIRG activity also depends on the amount of preexisting gas available in the merging pair. We also note that there are ULIRGs that are in the early stage of the interaction (Dinh-V-Trung et al. 2001) , as well as LIRGs that are apparently isolated (i.e. NGC 1068). There is also a case like the z = 4.7 quasar -SMG pair BR1202-0725, in which two submm bright sources (one of which is a quasar, while the companion appears to harbor an obscured AGN, Iono et al. 2006c ) are separated by a projected distance of 26 kpc. The true evolution, therefore, is much more complicated than we envision in these simple scenarios, and sensitive high resolution ALMA surveys of SMGs, quasars, as well as quiescent high redshift galaxies in a variety of evolutionary stages should reveal their true nature. Lastly, the gas consumption time for SMGs using the currently available fuel is estimated to be ∼ 40 Myr (Greve et al. 2005) , and this is significantly smaller than the typical major merger timescale of 1 Gyr. If the SMGs and quasars indeed represent some stage of the evolution of a merger with sustained starbursts, then the dense gas must be replenished continuously in order to maintain a continuous burst of star formation throughout the merger evolution.
SUMMARY
In this paper, we have presented a detailed comparison of the CO (3-2) emitting molecular gas between a local sample of luminous infrared galaxies (U/LIRGs) and a high redshift sample that comprises submm selected galaxies (SMGs), quasars, and two LBGs. The data for the local sample come from our recent Submillimeter Array survey of CO (3-2) emission in U/LIRGs while the CO (3-2) data for the high redshift population are obtained from the literature.
(1) We find that L ′ CO(3−2) and L FIR are correlated over five orders of magnitude, which suggests that the molecular gas traced in CO (3-2) emission is a robust tracer of star formation activity. The slope derived from the log L ′ CO(3−2) -log L FIR relation is 0.93 ± 0.03, and this near unity slope suggests that the efficiency of converting CO (3-2) emitting molecular gas to massive stars is, to within a factor of two, nearly uniform across different types of galaxies residing in different epochs. Within the local sample, the global star formation efficiency is lower in early to intermediate stage mergers than in the centers of more advanced stage mergers. SMGs show lower star formation efficiencies that are comparable to those of the widely separated LIRGs.
(2) The slope derived for the L ′ CO(3−2) -L FIR relation is significantly steeper than the slope derived from the same relation using the CO (1-0) emission. We show that this slope approaches unity for higher critical density tracers. Further, we show that the CO (3-2) emission in the central regions of U/LIRGs is, on average, nearly thermalized, whereas the outskirts are subthermally populated.
(3) From non-LTE LVG models as well as published merger evolution models that include radiative transfer, we argue that the CO (3-2) line is a fairly good tracer of star formation in SMGs, where the star forming gas density is high enough that the dependence on temperature is relatively low. In contrast, L ′ CO(3−2) can show significant scatter when the average gas density of the medium is lower than the critical density, which appears to occur more often in widely separated mergers in our sample. The scatter in the L ′ CO(3−2) -L FIR relation, therefore, reflects the characteristics of the galaxy (temperature, density, and AGN heating of dust in some cases), but over a large range of luminosities, the CO (3-2) line appears to be a good probe of star formation.
(4) The CO (3-2) derived source sizes in U/LIRGs show an apparent trend that the brighter ULIRGs are systematically more compact than the less FIR bright LIRGs. The CO (3-2) sizes of the SMGs are on average an order of magnitude larger than the ULIRGs, and are comparable to the separation of the widely separated LIRGs in our sample. The three quasars with robust size constraints have source sizes that are somewhat smaller than the SMGs and a factor of two larger than the ULIRGs.
(5) The similarity in the CO (3-2) size and star formation efficiency between SMGs and LIRGs suggests that many of the SMGs studied here could be intermediate stage mergers. The SMG linewidths are, on average, much broader than many of the U/LIRGs, and we argue that the large encounter velocity likely arises from the massive halo potential in a proto-cluster environment. In contrast, quasars have smaller CO (3-2) sizes and linewidths, and a dominance of Gaussian shapes in the line profiles. These characteristics are consistent with those seen in post-coalescence galaxies in encounter simulations.
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